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Abstract - A C-band radar was used to record the backscatter of
Antarctic Weddell Seaice in the w-inter of 1992. These shp bomc
microwave signatures arc the first of their kind. Calibratedah and
vv-pol signatures were recorded for severa ice types as the
icebreaker crossed the Weddell Sea, At each site, measurements
were made of snow and sea ice characteristics, Meteorological
information, radiation budget and oceanographic data were aso
recorded. A fret-year icc result is presented with relation to the sea
ice physical properties. In-situ data arc used in predictions from a
theoretical model and the results compared with 6° values. The
prim scatteringontributions under cold winter conditions
come fom the airrgnow and snow/ice interfaces. TImc-series data
indicate C-band is sensitive to snow and icc physical changes as a
result of climatic and oceanographic forcing.

1. INTRODUCTION

Spaceborne microwave remote sensing is required to monitor the
extent and characteristics of winter Antarctic sea ice, In this paper
we begin to develop techniques to usc microwave radar signature
data, During a 1992 austral winter experiment, sea ice
scatterometer measurements were made together with surface
measurements such that direct links between physical, chemical
and dielectric properties of the sea ice and the surface flux reg(lme
could be determined. As a part of the Winter Weddell Gyrc Study
(WWGS'92), a C-band scatterometer was operated from the port
rail of the German research vessel F/S Polarstern to obtain the first
shipborne scans of the microwave backscatter properties of
Antarctic sca ice, The dual-polarization radar collected like- (w)
and cross-polarized (hv) data at incidencc angles from 15-65°.
When stationary in pack ice, the radar was scanned to obtain
independent samples of searice backscatier (°) as a function of
incidence angle (6) and polarization. Field sampling provided
validation data for simultaneous satellite ERS- 1 C-band SAR
observations (at §=23°) and enabled collection of a catalogue of
‘snap-shot’ microwave signatures. In support, detailed surface
measurements were made within the radar footprint each time a
radar scan was completed.

Short 3-4 hour ice stations shown in Fig. 1 enabled radar
and snow and ice measurements of a number of icc types
characteristic of the winter Weddell Sca ice cover [1]. A 3-day
long ice station from 21-24 July, 1992 aso enabled time-scnes ¢®
measurements. In addition to periodic scans of data over the
complete range of incidence angles, the radar was operated at
frequent intervals (- 4 hourly) at 6=45°, At this angle 0° is
sensitive to rhc surface reflectivity and roughness, and also to
volume scattering within rhc snow and ice surface. These data
provide a chance to quantify changes in 0" as the heat flux and
vapour flux regime varied over the period, and as the physical
properties of the snow and ice changed.

2. SENSOR DESCRIPTION
The field sensor was a uency-modulated, continuous-wave
(FM-CW) radar, modified fiom a King airborne radar altimeter.
(see Table 1). The antenna cluster consisted of parabola for
transmittingg; a horn antenna for receiving linear likc-polarized
signals; an alternate receiving antenna for cross-polarized
signals. A steerable mount was secured to the port rail of the upper
deck, orthogonal to rhc ship’s centerline. It was fixed m azimuth
but hinged m the elevation plane arrd driven using an actuator. A
electronic pendulum gave a simple digital readout from which 6
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Fig, 1. WWGS 92 Polarstera track and surface sample Sites (+). Theicc
margin was entered 0N [2 June’ 92, and finally exited on 31 July 92.
was calibrated. The height above the sea ice surface was
approximately 16m, but varied as a function of the ship’s draft.
Control of the radar switch logic, sampling and signal
recording were performed with a Texas Instruments personal
computer (PC) using tailored signal processing hardware and
software developed at the University 6 Kansas. Red-time signal
analysis of the calibration and IF signals was pcrforrncd using a
Hewlett Packard (HP) Signal Analyzer in series with the PC. This
enabled system performance to be monitored, as well as the
occurrence of external interference from radio sources.

Table 1. FM-CW Radar Scaticrometer System Specifications

Transmitter Power: 150 mW

Center Frequency: 4.3 GHz £ 15 MHz (C-band)

RF Bandwidth: 100 MHz

Polarizations: VV, HH, HV, VH

‘ Antenna Beamwidths:

Transmitting: Parabolic: 8° (circular Gaussian)

Receiving: Horn E-plane; 23° elevation

(lincar pol) H-plane; 22° azimuth

(cross pol) KA54: E-plane; 50° + 5°
H-plane; 40° £ 4°

Calibration: External 12“ Luncbcrg-lens reflector

Target Range: 15m-60m
18m range footprint: -1.31 x 1.44 m

3. CALIBRATION AND SYSTEM CORRECTIONS
Here wc briefly describe procedures used to convert measured
power data into absolute backscatter. These approaches arc
described in further detail in [2],[3], and [4].



Internal and External Calibration

The system is internally calibrated using the PC, by =coraitig IF
power and transmitter power alternately for each radauulselhe
amplitude and the characteristics of the transmitted signgcemntthen
be taken into account in power calculations. Independent records
of internal calibration readings for each measurement sample were
not made using the HP signal analyzer, due to time constraints in
the field. However, afrc uency gate (O-1 kHz) was applied to
each sample to adjust ?or_possible changes in the system
throughout the expeniment. The daily average of thrgated power
was within 1.5 dB of the mean value between June 25and July 28
thus indicating the radar to be sufficiently stable; then the
assumption of usi%1 the O-1 kHz gated power as an internal
reference isreasonabilc.

External calibration was performed periodically using a
Luneberg lens placed on the ice at a fixed distance from the ship.
The theoretical maximum cross-section of a 12" diameter lens at
4.3 GHz is 11.38 dB [5]. The lens had a measured value ¢ = -7
dB (after [2]) and some performance degradation over its lifetime.

Beamshape and Antenna Separation Correction
Power measurements are simplified by assuming scattering is
independent of azimuth angle and that received power is manly
from the cllmical illuminated area [5] centered at known range and
defined bytle effective half-power beamwidths gven in Table 1.
In egtimating ¢°(8) from the power, wc usth c.narrow-beam
proXnmtion [6]. Since this method has deficiencies, Wang and
ogineni [4] describe how 6°is calculated accurately b
integrating the power over the antenna pattern from the fui
measured spectrum. .

Though mounted together, the antennas do not all point to
exactly rhc same spot on the surface. With a separation of 50cm
and with slightly different beams, the antenna patterns overlap
imperfectly and a corrccrion is made to account for the error in the
estimation of A, and the ‘effective’ gain pattern. This correction is
made using formulae for parallel Gaussian beams discussed in (7).
Together, this accounts for a correction of around 1.5 dB at nadir -
falling to Icssthan 1 dB at the higher incidence angles.

The lP'Ol target response of a typical FM-CW radar falls
off at 12 dt/octave (i.e. esch time range doubles). The system
hardware (i.e., STC) compensates for 6 dB/octave While the post
processing of data eliminates the remaining range dependence.
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Fig. 2. physical properties of undeformed, snow-covered first-year ice ON 21
July, 1992, at thessite indicated in Fig. 1.

4. ICE STATION IN-SITU DATA

At each site in Fig. | detalled radar measurements were made.
Estimates of&’ come from a number of independent samples, each
of whsch is a statistical average of several thousand measurements
of scattered power. Power is converted to o® with the calibration
information and corrections described in section 3. A backscatter
signature is then built up“rron the samples of 6°(8). Data were
recorded for a range d Seeilee tipes inciuding pancake, dark
nilas, white nilas, grey, fkst-year and second-year ice. In-situ data
included physical and chemical analyses ofidtoe cane and snow
samples, ‘together with snow crystal macro- hOtOﬁ:raphy.
TyicalhSy data were collected within rhc swath of thc radar

tereac mwas completed. An example from a site on 2 | July,
is shown in Fig.2. The corresponding signature is shown in Fig.
3 as circles ad crosses.

Throughout the 3 month experiment, meteorological data
were acquired onboard Polarstern. Together with radiation budget
calculations and oceanographic measurements, these data provide
acomplete picture of the top and bottom boundary conditions for
the sea ice. During periods when the thermal conditions were
monitored within the ice, this allowed the main components of the
energy budget to be estimated. Those components critical to the
physical and scattering properties of the sea ice arc the sensible
and latent heat, and vapour fluxes.
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Fig. 3. C-band vv-pol scatierometer datg and model simulationcurves using
two scts Of parameters,

5. MODEL SIMULATIONS

A physical and theoretical scattering model is developed to
uncerstand the scattering shown in Fig. 3, and to provide insight
into the geophysicalprroperties regulating microwave scattenng
and emission and thelermodynamics oft &1ce. Initial tests using
in-situ SNOW and'ice propertics sm;&cst %cnctmu'on depths into the
icc shown in Fig. 2= less than 50cm..Because of this sensitivity
to the upper layers of the, snow and ice, a physical scattering
model 1s constructed consisung of three primary layers: (i) an
uppermost layer of icy samow-crust; (ii) salt-free snow with
spherical crystals of varying size; and (iii) a layer of satty snow-ice
resting upon an ‘half-space’ of first-yeatr sea ice. The model
utilizes theoretical approaches descri in {8] and [Q]

On 21 July, sirface measurements indicated that the snow
surface had a radationally altered, wind-blown crust of density
closcto that of pureice. Its temperature was closc to that of the air
(-24°C) and it varied from a fcw mm to 1 cm thick. In the model
this layer is assignea a pemittivity €=3.17. Layer (ii) contained
snow crystals o fwatpvinge sizes. The temperature at 4cm deph was
-20°C and the snow was assgned a dry permittivity of e=1.68 for
a mean density of 0.35g/cc. The snow particle size distribution is
simulated for ayer (ii)'using a Rayleigh distribution with limits at
aminimum grain diameter of 0.045mm and maximum diameter of
0.885 mm. Layer (III) in CONtrast was salty, witha salinity of 8%,



Itis assigned a complex permittivity of £=2.8 +j0.02, assumin
spheri brine inclusions withip redominantly orbicular ice 0
0.75g/cc at atemperature of - 18°C. Beneath the snow-ice layer is
assumed a continuous ice sheet with the characteristics noted m the
upper 10cm of Fig. 2.

Measurements were made usirga variety of profilin
schemes to quantify the small-scale mughcss of the air/snow an
snow/ice surfaces.”In the model it is assumed that the crust is
slightly rough, but that it has an equal thickness everywhere with
parallel upper and lower surfaces. This alows the second-order
effects of a coherent field within the crust to be included in the
computations. The roughness was large enough that Physical
Optics scattering theory 1s valid at C-band

~ Simulations incorporating surface and volume scatter-in
take into account the snow grain-size distribution and sdinity o
each layer together with the measured roighness and thickness of
the crust. The effective extinction of cachlayer is computed by
summing the extinction in each of 10 discretized Rayleighgrain
radius bins within the overall size distribution. Layer vo lume
scatteringcontributions arc then added incoherently. Model
simulated curves arc shown in Fig. 3 in comparison with
measured vv-pol 6° data. Both curves each usc the measured mean
snow grain diameter of 0.3mm.The upper simulated curve
indicates the scattering signature for a slightly rougher surface
with crust 0.9cm thick. In contrast, the lower curve shows the
situation when the crust thickness is reduced and the roughness
decreased. Results. indicate that the model response tothe snow
characterigtics is significant. Other properties which have a large
impact arc the the saliniy 21d rougmess of the snow-ice interface.

The model simulailonsiinig. 3 arc for a situation which
representsinitial conditions at 19: 00hrs at the beginning of a 3-day
ice station. They indicate that scattering is extremely sensitive to
Eropcnics which arc directly influeneedop the surface enegy

alance. A subsequent time-set-icsof radar data indicates how the
scattering signatures change as a function of the varying surface
flux environment. Exchanges of heat and water vapour caused by
loss or gain sensible heat and evaporative cooling apﬁcar to have a
?gnificant impact upon the physical properties of the layers with
ime.
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6. TIME-SERIES DATA

Another result from WWGS 92 field experiment in Fig. 4 shows
simultaneous crierg}:;1 budget and scatterometer time-series data
lasting from 21 to24 July, 1992. The signature shown inal;‘b.S
re resents the starting point in this rime- sesie-s of data at JuliabJay
2/3.79. The upper panel of Fig. 4 shows the sensible heat flux as
it varied with surface air tenpeature and wind velocity from day
203 (21 July,'92) to day 208 (24 July,'92). The middle panel
shows the overall energy budget of the ice (by courtesy of W.
Frieden of Hannover diversity, Germany) with “-” illustrating
net outgoing heat fluxes of heat (and vice-versa for "+"). The
lowermost panel shows the C-band, scatterometer data in response
to the heat fluxes together withair and 1ice surface temperature
traces.

The period of observations is marked by a 23°C change in
air temperatures caused by the passing of a low pressure front.
The situation led to a swing from net ngative heat flux and
upward vapour flux, to net positive heat flux and initiation of
surface me dnﬁ' Several dB variability in vv-polarized backscatter
indicate several orders of magnitude change m scattering over the
range of temperatures and resulting heat flux regimes indicated.
The change m heat flux regime causes a reduction in vv and hv
backscatter which lags the onset of net heat gain to the snow by a
fcw hours. Hl&? winds and a brief period of cloud-free nightat
Julian Day 206.2 encourage evaporative cooling and a local
maximum m the values of w and hv-pol backscatter.

The example in Fig. 4, indicates that regional sea-ice
surface properties reflect thc balance between atmospheric or
pccanogr:_P'IIC forcing; and time-series data reflect transformations
in the sutace heat and vapour flux environment. It proposed
that with the aid of weather analyas'fields for specifying boundary
conditions, the satellite and ice data will k used in models to
generate regional scale heat flux estimates.
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